In spite of the huge advances in the area of synthetic carriers, their efficiency still poorly compares to natural vectors. Herein, we report the use of unmodified magnetotactic bacteria as a guidable delivery vehicle for DNA functionalized gold nanoparticles (AuNPs). High cargo loading is established under anaerobic conditions (bacteria is alive) through endocytosis where AuNPs are employed as transmembrane proteins mimics (facilitate endocytosis) as well as imaging agents to verify and quantify loading and release. The naturally bio-mineralized magnetosomes, within the bacteria, induce heat generation inside bacteria through magnetic hyperthermia. Most importantly after exposing the system to air (bacteria is dead) the cell wall stays intact providing an efficient bacterial vessel. Upon incubation with THP-1 cells, the magnetotactic bacterial cages (MBCs) adhere to the cell wall and are directly engulfed through the phagocytic activity of these cells. Applying magnetic hyperthermia leads to the dissociation of the bacterial microcarrier and eventual release of cargo.
Designing synthetic carriers has been heavily pursued to resolve the intrinsic issues associated with bioactive molecules delivery such as hydrophobicity, unwanted toxicity, and most importantly poor stability. Despite numerous systems that have been fabricated based on polymeric vesicles (Uhrich et al. 1999; Gupta, Vermani, and Garg 2002; de Las Heras Alarcon, Pennadam, and Alexander 2005; Zhang et al. 2014) , liposomes Yoshimoto, Kozono, and Tsubomura 2015; Bertrand et al. 2010) , and mesoporous silica nanoparticles (Slowing et al. 2008; Gimenez et al. 2015; Cauda et al. 2009; Zhao et al. 2014) , major limitations still exist. Reproducibility in the preparation of a synthetic carrier is key for eventual scale-up and commercialization and thus systems that require multi-step synthesis are not feasible. Moreover, the type and amount of agents that could be loaded is a crucial design requirement that synthetic carriers have mainly suffered from due to their variable loading efficiency and constriction on the size and charge of the loaded agent.
Natural carriers or vectors such as bacteria and viruses are very attractive, as they possess their own delivery mechanisms by which they induce disease. Copying nature's designs, researchers have produced many bioengineered and biomimetic drug delivery carriers (Yoo et al. 2011) . Virus-like particles and virosomes based vaccines are already FDA approved and available commercially such as Gardasil (Merck) (Group 2007; Einstein et al. 2009 ), Cervarix (GlaxoSmithKline) (Paovonen et al. 2009; Boxus et al. 2014) , and Epaxal (Crucell) (Bovier 2008a; D'Acremont, Herzog, and Genton 2006; Bovier 2008b ). However, these systems are limited by their potential immunogenicity when used for non-vaccine delivery (Leroux-Roels 2010; Waelti et al. 2002; Datta et al. 2008; Wu et al. 2009 ). On the other hand, no successful bacterial candidate has made it to market so far. Bacterial carriers are divided into 3 major categories including recombinant bacteria (non-pathogenic bacteria that are genetically modified to produce and deliver biologically active proteins), microbots (bacteria that carry nanoparticles on their surface), and bacterial ghosts (bacteria that have all its plasma components removed) (Akin et al. 2007; Kudela, Koller, and Lubitz 2010; Zhang, Gao, and Zhao 2010; Zhu et al. 2013; Chen et al. 2014; Park et al. 2013 ). The first two take advantage of the invasive properties of bacteria to deliver their cargos in cells while ghosts, as the name implies, are dead bacteria that adhere to cell wall and are readily taken up by macrophages. Recombinant bacteria and microbots suffer from major safety concerns associated with attenuated bacteria in addition to their release mechanism that include pumping the body with antibiotics to kill the bacteria and eventually release their contents. Bacterial ghosts have natural selectivity toward cancer cells due to their bioadhesive structures like fimbriae but are limited by their potential immunogenicity, which in this case is due to membrane lipopolysaccharide. Thus, designing a bacterial carrier that is safe, selective to various tissues, and can easily and reproducibly load different types of cargos (without the need for genetic modification or surface modification) is highly desirable.
Magnetotactic bacteria (MTB), also known as bacterial magnetosomes, (Schuler and Frankel 1999; Faivre and Schuler 2008 )are a unique class of bacteria that provides an alternative approach to deliver and release nanoparticles to their site of action. Since their serendipitous discovery by Richard Blackmore in 1975 (Blakemore 1975) , these aquatic anaerobes gained plenty of attention due to their "built-in" magnetosomes, which are motorized by flagella to provide an efficient propulsion and steering system (Bazylinski and Frankel 2004) . Recent studies (Chen 2013; Martel et al. 2009; Simmons, Bazylinski, and Edwards 2007; Mann, Sparks, and Board 1990; Farina et al. 1983) have demonstrated that MTB could be viewed as self-propelled natural micronanobots that are propelled by their own flagella and could be accurately displaced by their magnetosomes through magnetic field. MTB have been detected in marine habitats so far mostly in costal environments, although some studies indicate their apparently widespread occurance in the ocean down to depths of 3000 m (Lisy et al. 2007) .
Herein, MTB are employed as a safe delivery vehicle for on demand cargo delivery. The designed system is represented in figure 1 where AuNPs conjugated with cargo were readily taken up by bacteria. AuNPs were used in this study to act as transmembrane proteins (TPs) mimics, which increased the loading efficacy and most importantly to image this system during agents loading and release [41] [42] [43] [44] . Magnetosomes were used to enhance heat production after exposing the vehicle to magnetic hyperthermia. Due to the microaerophilic nature of MTB, exposing the system to air upon in vitro testing will kill bacteria, however, the cell wall stays intact. Immunological testing further proofs the safety of utilizing this cargo loaded magnetotactic bacterial cages (MBCs) in cell uptake studies. Upon incubation with THP-1 cells, MBCs readily attach to cells due to their bio-adhesive nature followed by phagocytosis. Applying magnetic hyperthermia lead to the dissociation of the bacterial vessel and consequent release of AuNPs.
2. Experimental section 2.1. Materials. Cetyltrimethylammonium bromide (CTAB, 99%), sodium borohydride, L-ascorbic acid, hydrogen tetrachloroaurate (III) trihydrate (HAuCl 4 ) (99%), silver nitrate (AgNO 3 ), Lipopolysaccharides (LPS) from Escherichia coli 0111:B4 purified by gel-filtration chromatography, Phorbol 12-myristate 13-acetate (PMA) and cell counting kit-8 (CCK-8) were all purchased from Sigma-Aldrich and used as received. Fluorescein (Cy3) tagged DNA was purchased from integrated DNA technologies (IDT). The human cervical tumor cell line (HeLa) and human acute pro-monocytic leukemia (THP-1) cell line were purchased from ATCC (USA). MTB were purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Germany. Eagle's MEM medium (EMEM), phosphate buffered solutions (PBS, pH 7.4), fetal bovine serum (FBS), RPMI media 1640, penicillin-streptomycin, paraformaldehyde, trypsin, 4,6-diamino-2-pheny-lindole (DAPI), Orange Plasma Membrane Stains, carboxyfluorescein succinimidyl ester (CFSE), Diethyloxacarbocyanine (DiOC 2 ), agarose, gel loading buffer, SyberGold, TBE buffer and interleukin 6,8&12 kits were purchased from Invitrogen, USA.
Methods
2.2.1. Loading Mechanism. Actively growing Magnetospirillum gryphiswaldense was purchased from DSMZ. In an anaerobic chamber, 25 l AuNPs were introduced to 200 l MTB (O.D: 0.25) and incubated for 2 hours. Then, it was washed three times by centrifuging it off at 13,000 rpm for 1 min, and adding 1 mL of MTB special media described by the manufacturer. 2.2.2. Loading efficiency. Loading efficiency was calculated after washing the sample thrice by centrifuging it off at 13,000 rpm for 1 min, and 1 mL media was added each time. The supernatant was collected and tested by UV-Vis. This method gives an approximate estimation of the amount of loaded AuNPs. The initial concentration of AuNPs was determined to identify the amount of loaded AuNPs. Afterward, the AuNPs concentration was calculated by equation.
C n = (Ab 530 * d)/ (  * b) The concentration of the free particles was subtracted from the initial concentration to obtain the concentration of loaded particles. 2.2.3. Tomography. The sample was imaged using a Titan CT (FEI Company) operating at 300 kV equipped with a 4 k x 4 k CCD camera (Gatan). Tilt series for tomographic reconstruction were acquired using the Xplore 3D tomography software (FEI Company). The sample was tilted typically from -65° to +65°. Images were captured at 2° intervals between 0° and 50° and every single degree between 50° and 65°. Tilts series were aligned and tomograms were generated using IMOD (Kremer et al., 1996; Mastronarde, 1997) . 3D rendering models were generated with the segmentation tools implemented in Avizo. 2.2.4. Cell Counting Assay (CCK-8). The effects of MTB on cell viability and proliferation were evaluated using a CCK-8 kit, according to the manufacturer's protocol. HeLa cells were seeded on 96-well plates at a density of 2 × 104 cells/well per 100 μL. The next day, different concentrations of MTB suspensions were added to the culture (200 μL/well). Untreated and blank groups were set as controls. After 24 hour exposure, the CCK-8 solution was added to the wells, and the plate was incubated for an additional 3 hours in a CO2 incubator at 37°C. The absorbance was measured at 450 nm, using a microplate spectrophotometer (Biorad Instruments, USA), and adjusted for each corresponding blank. 2.2.5. Cell culture. The human acute pro-monocytic leukemia (THP-1) cells were cultured in RPMI 1640 with glutamax-1 medium supplemented with 10% fetal bovine serum (FBS), streptomycin, and antibiotics (penicillin and streptomycin). Monocytic differentiation into Macrophage-like cells was induced with 2 nM PMA overnight. THP-1 were seeded at a density of 5 x 10 5 cells/well in a 24-wells plate. After 24h, old media was removed, cells were washed twice and 900μL media was added. 2.2.6. Infection protocol. All experiments were done in triplicates. LPS transfection was carried out to be used as a positive control. Bacterial infection was mediated in activated THP-1. 1mL of MTB (OD: 0.2= 40×10 6 ) centrifuged at 3,500 rpm for 10min and re-suspended in 5ml fresh antibiotic free RPMI media, separately. A 1000 μL of the resulting transfected media was added into the corresponding well. The final bacterial concentration in each well was 8×10 6 cells. Infected cells were Incubated at 37°C in the presence of 5% CO2 for 24 hrs. Cells were collected by scraping and centrifuged (5min, 2000 rpm). 2.2.7. IL Expression. According to the manufacturer, add 50 μL of the Standard Diluent Buffer to zero wells. Wells reserved for chromogen blank should be left empty. Add 50 μL of standards, samples or controls to the appropriate microtiter wells. Pipette 100μL of biotinylated anti-IL-12 (Biotin Conjugate) solution into each well except the chromogen blank(s). Tap gently on the side of the plate to mix. Cover plate with a plate cover and incubate for 2 hours at room temperature. Thoroughly aspirate or decant solution from wells and discard the liquid. Wash wells 4 times by adding 400 μL wash buffer and discard it. Add 100 μL Streptavidin-HRP Working Solution to each well except the chromogen blank(s). Cover plate with the plate cover and incubate for 30 minutes at room temperature. Thoroughly aspirate or decant solution from wells and discard the liquid. Wash wells 4 times. Add 100 μL of Stabilized Chromogen to each well. The liquid in the wells will begin to turn blue. Incubate for 30 minutes at room temperature and in the dark. After 20 to 25 minutes, add 100 μL of Stop Solution to each well. Tap side of plate gently to mix. The solution in the wells should change from blue to yellow. Read the absorbance of each well at 450 nm having blanked the plate reader against a chromogen blank composed of 100 μL each of Stabilized Chromogen and Stop Solution 2.2.8. Bacteria staining and MBC stability. MTB were incubated with 20 μL of 30 μM DiOC 2 (3 μM final concentration) for 5 mins at an anaerobic condition. Pellet the cells by centrifugation. Re-suspend by gently flicking the tubes. Add 500 μL antibiotic free media (RPMI). 2.2.9. Confocal Laser Scanning Microscope and flow cytometry analysis. THP-1 cells were seeded in CLSM dish and cultured in antibiotic free RPMI medium containing 10% FBS at 37 °C in a humidified 5% CO 2 atmosphere. After cell attachment, medium was replaced with DiOC 2 stained MTB infected medium. After 24h incubation, cells were 3 times washed with DPBS. Cargo release was tested by placing cells in magnetic hyperthermia for 45minutes followed by 45minutes incubation at 37 °C in a humidified 5% CO 2 atmosphere. Finally, cells were fixed by 4% paraformaldehyde for CLSM (Zeiss LSM 710 upright confocal microscope). Cells were harvested by trypsinization and resuspended in 500 μL of PBS for flow cytometry analysis using the FACS canto2 flow cytometer (BD Biosciences). Data shown are the mean fluorescent signal for 10 000 cells. Cells that were not treated with nanoparticle solutions were used as a control. Data was analyzed using the FlowJo software. 2.2.10. ICP-MS. THP-1 cells (5 x 10 5 cells/well) were treated with 2 mL of DNA-AuNPs loaded MTB for 24h. Then, cells were washed 3x with PBS, trypsinized with trypsin and analyzed. The same ratio of MTB: DNA-AuNPs was maintained (8:1) but the quantity was increased. MTB (O.D 600 : 0.252, 1200 μL) and DNA-AuNPs (7.5 pM, 150 μL). 2.2.11. Release. The release experiment was performed in MEM media at room temperature. Two comparative behaviors of release, with and without treatment of magnetic hyperthermia, were observed. The release process was performed in a quartz micro-cuvette as follows: 500 μL DNA-AuNPs loaded MTB were mixed with 1 ml of media and the supernatant was taken to test the absorbance. Then, cargo release was triggered by magnetic hyperthermia (470 kHz, for 45 min), and absorbance at 530 nm was measured every 20 mins.
Results and Discussion
Gold nanoparticles (AuNPs) have recently established themselves as promising TPs mimics due to their high lipid bilayers penetrating ability and thus they can effectively shuttle the designated cargo into MBCs. AuNPs were also used to image the system during agents loading and release, and for future possibility of imaging. Positively charged AuNPs with aspect ratio of 5 nm were synthesized according to a published procedure (Nikoobakht and El-Sayed 2003) , and their optical properties were confirmed by TEM and UVvis spectroscopy ( Figure S1 ).
ssDNA was used as a model cargo. Attaching negatively charged cy3 labeled ssDNA was successfully achieved through electrostatic interactions and confirmed by UV-Vis absorption spectra and gel electrophoresis ( Figure S2 ). The concentration of bound DNA (32.8 ng/L) was calculated according to a previously published procedure (Hurst, Lytton-Jean, and Mirkin 2006) . A red shift was observed in both longitudinal and transverse absorption peaks of the ssDNA-AuNPs conjugates UV-Vis spectrum, which is mostly related to the medium refractive index that was changed upon binding. As expected, the absorbance of AuNPs after conjugation with ssDNA decreased due to the attractive interactions between the oppositely charged moieties ( Figure S2a ). Gel electrophoresis was also carried out to confirm the conjugation of AuNP to ssDNA. The DNA mobility decreased in the gel upon conjugation, which is seen directly in the retardation of the band of conjugation in the gel ( Figure S2b ). Uniform aqueous dispersion of DNA-AuNPs (7.5 pM, 25 µL) was added drop wise to actively cultured MTB (OD: 0.252, 200 µL) in an anaerobic chamber. Investigating the cargo uptake using TEM shows that ssDNA-AuNPs are readily endocytosed with the uptake complete in 2 hrs. Figures 2a-c represent TEM images from different tilt angles (0, 30 & 50, respectively, Figure S3 ), which confirms the position of loaded versus free DNA-AuNPs. Moreover, the co-localization of cy3 (signal from DNA) and DAPI (signal from MBCs) signals using confocal microscopy confirms the entry of DNA to the bacteria through AuNPs (Figure 2d-f) . The bacterial cell wall clearly projected to uptake the ssDNA intercalated gold nanoparticles (Figure 3a-c) . The loading efficiency was high as the particles directly surrounded MTB when added (Figure 3a ) and then were completely taken up in 2hrs (Fig. 3b ) through active endocytosis (Fig. 3c) . Using electron tomography and sub-tomogram averaging, 3D reconstruction of DNA AuNPs loaded MBCs was obtained where the cargo was indicated in purple (Figure 3d-f) . The ICP-MS data revealed that 2.85 pM of DNA-AuNPs were up taken by the bacteria. It was reported that microbots (Akin et al. 2007 ) carry 1-3 particles on its surface however; our MBCs carry several tens of AuNPs inside it without the need for removing the plasma components or any modification or functionalization. (Figure 4a ). As potential immunogenicity is one of the major concerns when employing bacterial vectors as delivery vehicles, immunogenicity assays were conducted on MBCs. Supernatants from triplicate THP-1 cells were frozen at −80°C until the cytokine content was determined using ELISA for IL6 & IL-8. Samples were thawed only once for the analysis. THP-1 cells were then stimulated with MTB (2mL, O.D: 0.2). LPS stimulation was also carried out as a positive control at a concentration of 10 ng/mL. It is known that both ILs are important mediators of the innate immune system response and required for the resistance against bacteria. However, IL-8 is considered as an early marker for bacterial infection, as its production precedes the production of IL-6. Compared with the IL levels of un-stimulated cells, LPS highly induced the production of both ILs over 24h (Figure 4b ). The secretion of IL-8 proteins was almost 80 times higher after LPS stimulation cells while it was 26 times higher after MTB stimulation. Cytotoxicity and immunogenicity assays revealed that the origin of MTB immunogenicity is due to their foreign nature; cells recognize them as non-self. However, it has way lower immunogenicity compared to LPS and other previously used nanoparticles (Deng et al. 2011; Kim et al. 2013) . To study the stability of the cell wall to maintain DNAAuNPs until they are subjected to HT, a membrane potential responsive dye was used. Diethyloxacarbocyanine (DiOC 2 )-cationic dye-diffuse laterally within the cell wall in response to membrane potential and membrane potential changes. MTB were stained with DiOC 2 , which has high affinity to bacterial cell ( Figure S4a ). MBC stability was investigated anaerobically by monitoring DiOC 2 signal over 2 days. The increase in the DiOC 2 fluorescence is induced by bacterial dye uptake, which is the principal reason for the observed emission enhancement for more than 2 days ( Figure S4b ). Bacterial dye uptake is an indication of the integrity of the cell wall. The kinetics of changes induced upon the emission of DiOC 2 (3 μM) by MTB (210 6 cell mL -1 ) in RPMI media at 37°C was carried out to study the effect of magnetic hyperthermia, HT (470 kHz, for 45 min) on MBCs cell wall destruction and release. Under ideal conditions, we recorded the DiOC 2 fluorescence enhancement induced by the bacterial cells. The change in the fluorescence intensity is attributed to the change in the cell wall permeability and integrity. The fluorescence intensity decreases as the cell wall is being destructed. The decrease in DiOC 2 fluorescence was gradual and reached the plateau phase after 10h ( Figure S4c ). In accordance, the hyperthermic effect of magnetosomes enhanced cargo release. Au release profile was performed in RPMI media (pH 7) at 37°C in aerobic condition. After exposing MBCs to HT, the solution was analyzed using UV-vis (absorption maximum at 530 nm) to determine the concentration of released AuNPs. The absorbance of released AuNPs was converted to concentration using a calibration curve (1-25 pM) ( Figure S5 ) and the concentration of released AuNPs was monitored gradually over 8 hours (Figure 5a ). After 200 minutes exposure to HT, 50% of the AuNPs were released from MBCs, while a negligible amount of AuNPs <5% was released during a long period of time in the absence of HT. Cell wall destruction due to HT was initiated after 100 min of exposure where MBCs' membrane started swelling (Figure 5b) . After 180 min, most of the membrane completely swollen (Figure 5c ) and then it disappeared after 250 mins where only cytoplasmic content could be seen (Figure 5d ). The MBCs cell wall destruction occurs as temperature rises inside the bacteria due to the innate magnetosomes, resulting in a substantial DNAAuNPs release. It was reported (Alphandery et al. 2011 ) that heat produced from magnetosomes within MTB (whole bacteria) is lower than that produced by extracted chains of magnetosomes. This finding makes the use of whole MTB more advantagous as neighboring cells will not be affected by excessive heating. There was no burst release of AuNPs without external HT application demonstrating the high stability of the system while a complete destruction of the cell wall occurred after 250 mins of the exposure to HT. MBCs could be easily maneuverable using an external magnet where bacteria clearly aggregated toward the magnet source (Martel et al. 2009; Taherkhani et al. 2014; Chen et al. 2014) . The cellular internalization of MBCs and accumulation were tested by Confocal Laser Scanning Microscopic Microscopy and flow cytometry. DiOC 2 stained MBCs were incubated with THP-1 cells for 24 h at 37 °C. Uptake was also tested on HeLa cells ( Figure S6 ). The in vitro release was tested by placing cells in the magnetic hyperthermia for 45 min followed by 45 min of relaxation at 37 °C. High signal intensity was observed inside the THP-1 cells (Figure 4c ) before HT treatment, Z-stack also confirmed the uptake of MBCs by THP-1 cells ( Figure S7 ). The intensity of the signal decreases after exposing cells to HT (Figure   4c ), indicating the destruction of MTB cell wall. Fluorescence-activated cell sorting (FACS) was also used to confirm the accumulation of MBCs in THP-1 cells by taking advantage of the fluorescent emission of DiOC 2 . The data shown in Figure 6a demonstrates the accumulation of DiOC 2 in cells as indicated by an increase in the fluorescence intensity versus the non-treated cells by flow cytometry. However, the fluorescence intensity shapely decreased after HT treatment (Figure 6b ). The complementarity of the two methods, qualitative fluorescence and quantitative flow cytometry, proved to be a useful tool for the study of the cellular uptake of MBCs. To monitor the DNA delivery, Cy3 labeled DNA was used. Unstained MBCs were incubated with THP-1 cells for 24 h at 37° and labeled DNA was used. FACS histogram in Figure 6c showed high cy3 signal in comparison with the untreated cells, indicating that DNA was successfully delivered to THP-1 cells. To quantify the amount of released AuNP in THP-1 cells, quantitative analysis by coupled plasma mass spectrometry (ICP-MS) was performed. ICP-MS showed that 13.9 pM of AuNPs were released from MBCs into cells after exposure to HT (100 mins). This represents >80% of the loaded cargo.
Conclusions
We employed natural vectors for cargo delivery can overcome many of the traditional challenges that face synthetic carriers. Cytotoxicity and immunogenicity assays of MBC confirm that it is safe to use for delivery purposes with high efficiency. As cargo loading takes place when bacteria is alive, maximum loading capacity can be guaranteed through endocytosis. Moreover, MBCs can be easily guided by an external magnet, which will further improve their therapeutic advantages. Currently, we are investigating this system in-vivo and with different cargos to assess its capabilities and limitations. 
